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INTRODUCTION

The recent demands on the automotive industry for weight-
saving have focused attention on the use of polymeric materials
reinforced by short lengths of reinforcing fibers. These short
fiber composite systems can be molded to give rigid, lightweight
structural components. The utilization of these materials in
load~bearing applications necessarily directs attention to their
mechanical properties and, in particular, to the role that
processing plays in establishing the mechanical performance of

these multicomponent materials.

Unlike the traditional materials of construction, these
heterogeneous materials exhibit a wide range of properties which
are dependent on the initial fiber/resin/filler composition as
well as the particular internal microstructure developed during
fabrication. This sensitivity to processing is manifest in both
the magnitude and directional dependence of the mechanical,
thermal, electrical, and transport properties.

The wide range of possible compositions, fiber length
distributions, and fiber orientation distributions that may be
utilized in and generated during the manufacture of components
from these materials precludes a total reliance on direct
laboratory characterization of the anisotropic mechanical prop-
erties. Consequently, constitutive relationships which connect
the composition and processing dependent microstructure to
mechanical performance are an important component of the
technology for short fiber composite materials.

Constitutive relationships for unidirectional continuous
fiber laminates are reasonably well developed. For this special
material system, the continuity of the fiber assures that the
strain field parallel to the aligned fibers is essentially
uniform. However, the stress and strain field transverse to

the fiber directions will vary within the body. Consequently,




the major -difficulty in predicting the behavior of continuous
fiber systems is associated with predicting the Transverse
Young's Moduli and Shear Moduli. The situation for short fiber
composites is considerably more complex. Even if all the fibers
were perfectly aligned, the discontinuities would cause fluctua-
tions in the stress and strain fields parallel to the fiber axes.

Recently, Wu and McCullough (Development in Composite
Materials, Applied Science Publishers, London, 1977) developed
improved variational treatments which provide general bounding
relationships for the effective elastic properties of a wide
variety of heterogeneous materials, viz, polycrystalline metals,
crystalline polymers, continuous fiber reinforced composites,
short fiber composites, and particulate reinforced polymers.
Upon the specification of certain parameters, the bounding
relationships yield families of specific constitutive relation-
ships which contain all reported models as special cases. As
would be expected, such general constitutive relationships are
somewhat complex. Accordingly, it is useful to introduce
simplifications that can yield reasonable engineering estimates
while reducing the computational effort required to obtain

estimates for the anisotropic Young's moduli and Shear moduli.

Considerable simplification has been achieved through the
use of an "Aggregate Model." The important features of the
Aggregate Model are described in a subsequent section. In
essence, the Aggregate Model treats a short fiber composite as
a "grainy metal" in which the properties of the individual
grains are averaged over an orientation distribution to vield
the effective properties of the bulk material. Even with this
simplification, the computational effort remains tedious.
Consequently, computer algorithms have been developed to facil-
itate the prediction of properties from a knowledge of the
composition, state of orientation, and the aspect ratio of the
fibers of a sheet molding material. Two computational tools
have been developed: (1) an interactive FORTRAN routine for
general use, and (2) a restricted routine for use on hand-held
calculators such as the Texas Instrument TI-59.
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In the following sectionJ?z;; elements of material modeling
, N N )
are reviewed and -the Aggregate Modeleeveloped as an introduction
to the notation used in the subsequent documentation of the

computational routine. Examples are provided to illustrate the

use of the computational toolsi}
e Xay vsclefio,/




BACKGROUND

Before proceeding with the development of models for
predicting the behavior of sheet molding materials in terms of
composition, fiber geometry and fiber orientation, it will be
useful to briefly review the basic principles and notations
used for the description of the mechanical behavior of materials.
For this purpose, attention will be first directed to the
general qharacterization of the load-deformation response of
homogeneous (single component) materials. These results will
be used in subsequent sections to develop the effective load-
deformation characteristics of heterogeneous (multicomponent)
materials.

Generalized Materials Descriptors

The load-deformation response characteristics of an iso-
tropic material (e.g., an amorphous polymer) are traditionally
described by the Engineering constants: The Young's modulus, E;
the Shear modulus, G; and Poisson's ratio, v. The Young's
modulus is used to indicate the ability of a material to trans-
fer a pure extension strain (e) into a pure tensile stress (0);
the Poisson's ratio is used to describe the extent to which the
lateral dimensions of a body decrease in response to a pure
extensional_strain. The Shear modulus is used to describe the
ability of a material to transfer a pure shear strain (y) into
a pure shear stress (7). For isotropic materials, these
descriptors are not independent. It can be shown that if the
material properties are the same in all directions, then the
Engineering constants are related through G = E/[2(1+V)].

Many material systems (e.g., drawn polymers, continuous
fiber reinforced composites) exhibit properties that vary with
the direction in which the load (or deformation) is applied.
For the current considerations, materials with orthotropic
symmetry are the class of materials with the lowest symmetry




that need be considered. Orthotropic symmetrytis characteristic
of materials whose properties are equivalent across three
mutually perpendicular planes. For materials of this symmetry
class, it is necessary to characterize the load-deformation
response characteristics along three directions of the material
(e.g., the longitudinal, transverse, and perpendicular axis).
The notation and load-deformation descriptions for the three
distinct Young's moduli and the three distinct Shear moduli

are schematically defined in Figure 1.

In the Theory of Elasticity (which provides the theoretical
basis for the analysis of the mechanical behavior of materials),
alternate sets of material descriptors are used: the compliance
array, S, and the elastic constant array, C. The compliance
array is used to describe the various deformations that result
from the application of combined (or individual) loads. The
elastic constant array is used to describe the various stresses
that result from a general deformation. In the generalized
notation, the tensile strain in the "1" direction that results

from tensile stresses in the "1", "2", and/or "3" direction are

given by

€1 = 811 %1 * S12 02_+ S13 93
Similarly,

€y = 851 01 * S35 95 ¥ 55395

€3 = 83) 0y + S35 0y + 533 95
with ;5 = 8 ;.

The shear deformations (y) are related to the shear stresses

(t) by the relationships

Yo3 = S44 T23
Y13 = S55 T13
Y12 = Sg6 T12




FIGURE 1

Schematic Definition of the Distinct
Young's Moduli and Shear Moduli for
Materials of Orthotropic Symmetry
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These six relationships can be written in compact matrix form

as

€1 S11 S12 513 0 0 0 91
€2 521 522 523 0 0 0 92
e3 = 531 832 S33 0 0 0 X 03
€0s 0 0 0 S44 0 0 Toa
€13 0 0 0 0 S 0 T4
€1, 0 0 0 0 0 Sce T,

or, in symbolic matrix notation

§=

2N

g

where g stands for the 1x6 column vector of €'s and y's; S stands
for the 6x6 array of the Sij's; and ¢ stands for the 1x6 column

vector of o's and t's.

The elements of the § array are simply related to the
Engineering constants by the relationships summarized at the
top of Table I.

In the matrix format, the stress, ¢, that would result from

a general deformation, ¢, is given by

g:

o]

2

Consequently, the elastic constant array is the "inverse" (in a

matrix sense) of S, viz,

The relationship of the elements Cij of the C array to the
Engineering constants are summarized in Table I.

Most theoretical treatments are formulated in terms of the
elastic constants, C.




TABLE 1

RELATIONSHIP BETWEEN ELASTIC CONSTANTS AND ENGINEERING CONSTANTS

Orthotropic materials

Sy =E"" Sy = —vy,E, 7! Si3 = —v3E 7! Ssa = G353
Sy = ~vE,™} Sy, = E;7° Sz3 = —vpE, 7! Sss = Gi3'
Sy3 = —vE, 7! Sz3 = —vy3E;"! Sy = Ey7! Ses = G17
vij = vu(E,/E)
Cy= El[l - (Es/Ez)V%ﬂD Cy = Ez[l - (53/51)"%3]17 Cua = Gy3

Ciy = Cyy = [Eavys + Ejvy3v3]D
Ci3 = Cyy = E3{vizvz3 + v13]D

Cy3 = Cy; = (E3/E\)[Eyvz3 + Ezvyzvy3)D
Cs3 = E3fl - (Ez/Ex)sz]D

Css = Gy3
Ces = Gy2

D™' =1 = 2AEy/E)vy3v23v13 — Vis(E3/E)) = vis(Es/Eq) — viEL/Ey)
Transversely isotropic materials
“1” axis unique
E . =E, Ex=E,=E;

Yy = V33

“3" axis unique
E, =E,, Er=E =E
VA = Vi3 = Vy3, Vo = Vi3 = Va3,

Gp = Gi3 = G;3, Gy = Gp3 = E/[2(1 + v4)]

vr = Vi2

Gp = Gy3 = Gy3, Gr = Gy; = E¢/[2(1 + vy)]
Isotropic materials

E=E =E, =E,

V=V = Vi = V3 = V3 = Vi3 = Vi

G = Gy; = G153 = Gy3 = E/[2(1 + v)]

(From: Anisotropic Elastic Behavior of Crystalline Polymers,
R. L. McCullough, Treatise on Materials Science and Technology,

10B, p. 453-540, Academic Press, New York, 1977)

Additional symmetry of the material results in certain special
conditions on the elastic constants, ¢ (as well as the compliance
constants, §, and the engineering constants). Transversely, .
isotropic symmetry is of particular importance, fibers (e.g.,
graphite, Kevlar) frequently exhibit transversely isotropic
response. Under conditions of transverse isotropy, the structure
of the orthotropic array is preserved; however, certain special

relationships between the material descriptors are imposed.
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These relationships are summarized in Figure 2 and in Table I.
Isotropic symmetry is exhibited by many (undrawn) polymer
systems. Again, the structure of the orthotropic array is

preserved with the special conditions Cll = C22 = C and

33’
Cyy = Cgg5 = Cog = %(Cll—Clz). Consequently, no unique material
axes exist for isotropic materials (i.e., the properties are
the same in all directions). The results of the symmetry
conditions for isotropic materials are summarized in Figure 2

and Table I.

These descriptions may be applied to describe the mechanical
properties of the individual components of a sheet molding
compound as well as the overall properties of the sheet molding

material.

Orientation Dependence

In the preceding discussion of the characterization of
material descriptors, the simplifications resulting from
material symmetry were emphasized by requiring that the unigue
axis associated with the symmetry class of the material were
coincident with the loading (or deformation) directions imposed
on the body of the material. This situation is rarely encoun-
tered. For example, fiber-reinforced laminates (e.g., tire
plies) are frequently oriented at an angle of 45° with respect
to the fiber direction. Fortunately, once the material system
has been characterized along the unique axes, the material
response in any arbitrary direction can be accurately predicted
through the relationships summarized in Figure 3.

These relationships can be used to characterize the load-
deformation response characteristics of a material §(¢) at any
arbitrary direction, ¢, in terms of the associated éescriptors
associated with the symmetry axes of the material, A.




FIGURE 2

Components of the Elastic Constant Array
for Materials with Orthotropic, Transversely
Isotropic, and Isotropic Materials Symmetry
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ORTHOTROPIC MATERIALS
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SPECIAL CONDITIONS
C22* Caz Ciy = C22
Ciz = Cl|3 C23= Cy3
Caa= 7 (C227C23) C44° Css

SPECIAL CONDITIONS
Ciy = C22 7 C33
Ci2 *Ci3 = Ca3
Caq = Cs5 = Cga = 7 (C)C12)

- - | '
Cs5 = Ces Ces= 7 (C)-Ci2)
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iU " CO%$ wyp sing w30
0-(“2| s-5ing wpp® COSH way® 0)
L TR Lo} wyo® [o] w3y® |

A;; = By+Brcos2¢ + Bgcosdd B = §U3A +3A2+2A 2+ 4Age)

Aig = Az = By- Bycos4y Bz = 30 Apy-Ag)

Rig * R * §(Bysin2$)+Bysinad By = 30 Al v Azz -2A1p -4Agg)

Azz *= B|~Brcos24 + Bgcosdé Bz = §( Ajp + Agz +64;2 - 4Age)
Rze * Rez* 5iBrsin24)-Basindd  Bg = & ( Aj) + Agy- 245 +4Agg)
Rss 3 Bs‘ B‘Co‘“

Reduction in the transformation relationships for an orthotropic material in a state
of plane stress or strain. The rotation transformation between the material axes (é;, &,, &;) and
arbitrary load (or deformation) axes (é,’, &,’, &) reduce to a simple rotation around the common
&, axis. Replacement of the 4;; by elastic constants C;; yields expressions for the transformed
elastic constants (4,; = C,;); replacement of the 4,; by the compliance constants Sip yields

expressions for the transformed compliance constants (4, = S;/mm); m, = 1 for k = 1, 2,
or3;m = 2fork = 4,5, 0r6.

FIGURE 3
(From: Anisotropic Elastic Behavior of Crystalline Polymers,
R. L. McCullough, ob. cit.)
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MATERIALS MODELING

In this section, procedures will be developed for predicting
the behavior of sheet molding materials comprised of short
reinforcing.fibers, particulate fillers, and a polymer phase.

The approach proceeds by developing an aggregate model to account
for orientation effects. The basic element of the aggregate
model is taken to be an arbitrary "micro-region." The properties
of the micro-region are subsequently predicted by associating

the micro-region with a micro-laminate of aligned fibers. The
combination of these results into a computational format for
predicting the properties of sheet molding materials is summar-
ized in the final section.

Aggregate Model

Under the Aggregate Model, a sheet molding material is’
viewed as partitioned into micro-regions as illustrated in
Figure 4. As in the case of "grainy metals," each micro-region
is treated as an apparent homogeneous (but anisotropic) material
which may be described as an array of elastic constants, C.
These micro-regions may assume a variety of orientations %ith
respect to the external axes of the macroscopic body of material.
Accordingly, the load-deformation characteristics along the "1",
"2", and "3" axes of the bulk material are dependent upon the
relative orientation of the unique "1'", "2'", "3'" paterial
axes of the micro-region. Consequently, the transformations
given in Figure 3 must be applied to each micro-region to
obtain the appropriate contribution of the individual regions
to the overall load-deformation response of the bulk material.

The fraction of micro-regions whose unique material axis
"1'" makes an angle ¢ with respect to the external body axis "1"
may be specified in terms of an orientation distribution
function n(¢). This function gives the relative number of

micro-regions whose unique axes are parallel and make an angle

14



FIGURE 4

Schematic Definition of
the Aggregate Model

15
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¢ with respect to the external axis. Thus, if all the micro-
regions were aligned along the body axis, n(¢=0) = 1 and

n(¢#0) = 0. Alternately, if the micro-regions were uniformly
distributed in all directions, n(¢) = a constant for all values
of ¢.

It should be emphasized that the orientation function,
n(¢), does not provide for an "out-of-plane tilting" of the

- micro-region. This type of orientation function is called a

"Planar" distribution. Planar distributions are appropriate

to sheet molding materials that are fabricated under conditions
which maintain such planarity. Materials formed by injection
molding may exhibit "out-of-plane tilting" and therefore will
require a different form of an orientation distribution

function.

The planar distribution function has the following important

features:
n(¢) = n(-¢)
n(¢) = n(+¢)
T/ 2
n(¢)d¢ =1

0

The net contribution of the various micro-regions to the
overall load-deformation response is given by averaging the
relationships given in Figure 3 over the distribution; viz

<A> = [g(q))n(cp)dcb R |

It is useful to introduce certain orientation parameters,

"f" and "g" defined as

£f =2 <cosz¢> -1 cees 2
g = (1/5) (8 <cos’¢> -3) ce.. 2b
with m/2
<cosm¢> = J cosm¢n(¢)d¢
)
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These orientation parameters are constructed to provide a
convenient scale for characterizing the state of orientation

of a system. Thus, for £ = g = 0, the micro-regions are randomly
distributed within the "1-2" plane of the bulk material. For

f = g = 1, the micro-regions are perfectly aligned along the

"1" axis of the bulk material. Values of f and g between 0 and

1l represent intermediate states of orientation. These features

of the planar orientation are summarized in Figure 5.

The results obtained by averaging under a planar orientation
distributions are summarized in Table II in terms of the orien-
tation parameters £ and g. As before, the elastic constant
array, C., and the compliance array, S, undergo the same trans-
formations so that the results for o;ientation averaging can be
generalized for an arbitrary material descriptor, <A> and base
descriptor, A. Thus for A - C, the relationships o% Table II
yield the orientation ave;age~of the elastic coﬁstantvarray;
for A + 8, the orientation average of the compliance array is
obtalnedj The factor B is introduced to account for the con-
traction of the compliance and elastic constants to second

order tensors. For A »~ C, B =1; for A - 8, B = 4.

It can be shown that for reasonable forms for the planar
orientation distribution (e.g., n (¢) = kcosb¢) that the
orientation parameters f and g are related:

g = 2£(7-2£)/[5(4-2£) ] T ...l 3

so that only one parameter is required to describe the state
of orientation. The orientation parameter, "f",is related to
the "root-mean-square" orientation angle

= cos I/TTFOY/Z .

rms
Hence for random distributions, £ = 0 and ¢rms = 45°, For
perfect alignment, £ = 1, and ¢rms = 0°. For "slight" orien-
tation, £ = 0.25, ¢ = 40°; for "moderate" orientation,

rms




FIGURE 5

Summary of the Features of a
Planar Orientation Distribution

19



Planar Orientation

n(¢) = n(-¢)
n{) = nlm + )
T2
f n(p)dd = |
0
' 2
fo = 2 <cos® > - |
9, = & (8 <cos* &> - 3]
T/2
<cos" ) = f n(¢) cos™ep dd
0
Aligned , Random
fp =0
gy =0




TABLE II

Averaged Properties of a
Planar Orientation Distribution

21
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PLANAR ORIENTATION
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0.5, ¢rms = 30° while for "significant" orientation,

0.75, ¢ = 20°.

H
1]

The aggregate model serves as a reasonable means of
introducing relationships tb account for the particular internal
state of orientation of the representative micro-regions. The
next task is to identify the nature of the arbitrary micro-
regions and relate the properties of the micro-region, g*,to
the composition and fiber geometry of the sheet molding~material.

Micro-Laminate Model

The preceding treatment of the aggregate model was based
upon an arbitrary specification of a "micro-region." Indeed,
the elements of the elastic constant array, C, that is used to
describe the mechanical behavior of the micra-region could be
treated as adjustable parameters for curve fitting. Since as
many as nine independent parameters could be required, this
empirical approach does not appear to be fruitful. In this
section, the characteristic micro-region of the aggregate model
is treated as a micro-laminate of perfectly aligned fibers.
Accordingly, the domain of a micro-region is speéified as that
portion of the material that can be partitioned into volume
elements in which the fibers within the region are all aligned
parallel to an axis that makes an angle ¢ with the external
body axis. The identification of such a region specifies the
effective aspect ratio of the fiber. Thus for a sheet molding
material (e.g., SMC-25) comprised of relatively long and
straight collections of fibers, the aspect ratio would be large
(e.g., a > 250), Alternately, for a sheet molding material
in which the fiber bundles are "swirled" (e.g., SMC-65) such
that arc length is relatively short, the effective aspect
ratio could be as low as a = 1 » 10.

Under this view of the micro-regions, the properties can
be obtained from appropriate models for laminates. The general

Wu~McCullough relationship can be specialized to this purpose.

23



The general relationship is of the form

a0

*=C + (M +E) cee. 4

where C* is the 6x6 array of elastic constants for the micro-
laminaEe. The term go is a 6x6 array of elastic constant for a
"reference" material. The term Eo is a 6x6 array which takes
into account correlation effects. The elements of Eo are
dependent upon the aspect ratio, a, and certain elements of

Co* The elements of E, are summarized in Table III.

The quantity M is a 6x6 array that is dependent upon the
composition and the properties of the components compensated
for correlation effects, viz,

M= ZIv.m cees 5

where £ is the volume fraction of the i'th component; the term

m is a 6x6 array of the properties of component "i" compensated
for correlations through the following relationships
_ -1 -1
g—"l - (51 go) e v e 6a
B =6 ~ % : 6b

The term gi is the 6x6 array of elastic constants for the i'th

component

The versatility of the Wu-McCullough relationship is
manifest through the term 90' Assigning a reference material
"zero" rigidity (go = () yields the classic Reuss model;

g

assigning the reference material an infinite rigidity (go =
yields the Voigt model. If the reference material is taken as

the resin phase (go = C ), the "best lower bounds" are

~resin
obtained. If the fiber phase is selected as the reference

phase (go = C ), the "best upper bounds" are obtained.

~fiber
Usually, these bounds are too far apart to provide useful

predictions. For the case, C* = Cor the "self-consistent”

=

field models are obtained.

24
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TABLE 'IIT
Elements of Eo

n £ £ 0 0
£ k+u k-u 0 0
a k-u k+u 0 0
0 0 0 4u 0
0 0 0 0 4m
0 0 0 0 0
n = 4ah5(a) -48h, (a)

L = 2ah4(a)
u = %ah3(a) - Bhl(a)
m = 2ah4(a) - B[%hl(a) + hz(a)]

_ (O _ O 0 A0
a = (Chy = Cay)/(4C55C )
= 1/(402

w
I

4)
hz(a) =1 - hl(a)
(1 - h3(a) - hs(a)]

It

h4(a)

4m

25
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TABLE III (con't)

For 0 < a < 1

y? = a’/(1-a%)

h) (@) = y?{[(1/y) + yltan " (1/y) - 1)
s@ = yiraw® /ey’ v 1 sy - a-y) - /2)yitan (/) 1)
hg(a) = (L+y®) [(3-y))/(1+y") - (3/2)ytan (1/y))] |

For a = 1

hl(a) = 2/3
h3(a) = 8/15
h5(a) = 1/5

For 1 < a < «

(az—l)/a2

~
Il

N
il

{Zn[(1+x)/(1-x)]1}/x
[1 -%(1-x)2]1/x

hl(a)
[(3/2) -% + %(x2+2x-3)2]/x°

h3(a)
[(1-%2) /x212{[ (3-2%) /2(1-x)] - (3/4)D)}

hs(a)
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It has been shown that the properties for a wide-range of
fiber reinforced resin systems can be accurately predicted by
assigning values to the go array that correspond to a material
(of equivalent composition and concentration) reinforced by
spheres (aspect ratio = 1) rather thar fibers. It was proposed
that standard samples of glass bead reinforced resins be
prepared and characterized over a range of volume fractions to
provide the data necessary for constructing the go array.

These experimentally determined values for go could be used in
conjunction with Eqg. 4 to predict the properties of fiber

reinforced systems.

Recently, it was shown that the experimental determination
of go is not required. A model for particulate systems has been
developed which accurately predicts the behavior of a wide
variety of particulate filled systems over the sensible range

(vp £ 0.8) of concentration of filler, vp.

The "S-Mixing Rule" model for particulate systems is of

the form

$Hi

S = v.58 + v_§ + %vrvp(s )

=P rzLo pxHi 2lo

where V. and vp are the respective volume fractions of resin
. . . - -1 .
and filler particles. The quantity gLo = gLo where gLo is

obtained from Eg. 4 with go =C and the aspect ratio of

fresin -1
the Eo term taken as a = 1. Similarly, the quantity §Hi = gHi
is obtained from Eq. 4 with go = gfiller and a = 1. The

relationships given in Table I are used to obtain the Young's
modulus, Shear modulus, and Poisson's ratio from the computed
values of §p for the particulate system.

The demonstrated success of the "S-Mixing Rule" provides a
convenient means for generating the appropriate values for the
parameters of the reference phase, 90’ as required by Eqg. 4.

For a two-component fiber/resin system, the effective
mechanical properties of the material may be predicted by the

following procedures:
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(1) For the current volume fraction of fiber and resin
the appropriate values of go are obtained by the
application of the "S-mixing rule" (Eq. 5) for a
system comprised of the equivalent volume fraction
of resin and particles (a = 1) with the particles
assigned the properties of the fiber.

(ii) The values obtained for 90 are used in Eq. 4 along
with the effective aspect ratio of the fiber to
predict the properties of the micro-laminate, C*.

(iii) The properties of the micro-laminate are subjected
to the orientation .averaging prescribed in Table II
for a specified state of orientation, f.

(iv) The averaged values of c for the sheet molding
material are converted to the compliance array, g,
and subsequently to the Engineering constants via
the relationships given in Table I.

These procedures can be extended to resin/fiber/filler
systems by introducing the notion of a "surrogate" matrix. In
this approach, the resin and particulate filler system are
viewed as a matrix phase. The properties of the matrix phase
may be predicted by the application of the S-mixing rule for a
particulate system with the apparent volume fractions of v;
and v' for the resin and filler. These apparent volume

fractions are related to the true volume fractions, vr and v_,

p
through the relationships

¥ —
v, = vr/(vr + Vp)
v = v v+ Vv
P P/('r P)
' | J—
so that vr + vp 1.

The resulting properties for the isolated resin/filler
systems are used to represent the behavior of a surrogate
matrix material with properties gm as predicted by Eq. 5 with

concentrations v; and vé. At this point, the computation
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follows steps (i) through (iv) for a two-component fiber/matrix
system with the computed values for the surrogate matrix
assuming the role of the resin phase. The volume fraction of
the surrogate matrix phase is given by Vo =V + v, = l-vf,

r P

where Ve is the volume fraction of the fiber phase.




FORTRAN PROGRAM
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Introduction

The preceding sections have been concerned with developing
a model for predicting the Engineering properties of sheet
molding compounds. These ideas have been implemented in the
FORTRAN program SMC-3. Use of SMC-3 is described in this
section. Two examples using SMC-3 and a program listing follow.
Finally, a few cautions which need to be noted when implementing
SMC-3 on a computing system other than the DEC-system 10 for which

this version was written are discussed.

Examples and use of SMC-3 will be illustrated by specific
examples. In general the execution of the program requires
the following input data:

1) number of components
2) ﬁroperties of constitutive phases
3) volume or weight fractions of components
4) effective aspect ratio of fibers
- 5) orientation of fibers

To facilitate the use of SMC-3, the Engineering constants
(in psi) for polyester resin, E-glass fibers, and calcium
carbonate filler have been stored internally in the program.
If these properties are to be used, no data regarding the
engineering properties of the constitutive phases need be
entered. If the properties of one or all the phases are to be
changed, this can be accomplished by the user during program
execution. For an isotropic phase, e.g., resin, filler and
some fibers, Young's modulus, the Shear modulus and Poisson's
ratio will need to be entered. For transversely isotropic
fibers (e.g., Kevlar) two Young's moduli, two Shear moduli and
two Poisson's ratios will need to be entered. Example 1
demonstrates how properties for isotropic phases are changed.
Example 2a shows how the properties are changed for a transversely

isotropic fiber.

The composition can be entered either as volume fractions

or weight fractions. If volume fractions are used, the data




are entered directly. Input using weight fractions also requires
that the density of each phase must be entered. In examples 1
and 2, composition is input as weight and volume fractions,

respectively.

The effective aspect ratio is entered directly upon request.
The aspect ratio ranges from one to infinity. An aspect ratio
of one corresponds to a spherical inclusion while an infinite

aspect ratio corresponds to a continucus fiber.

Effect of fiber orientation on the Engineering constants
can be investigated in either of two modes. First, the Engi-
neering constants can be calculated for a single user selected
fiber distribution. Orientation is specified by Herman's
orientation function f£. For réndom distribution £ = 0. For
perfectly aligned fibers £ = 1.

Slightly oriented systems can be represented by "f" wvalues
in the range 0.2 to 0.3. Moderately oriented systems can be
represented by "f" values of ~0.5. Significantly oriented

systems can be represented by "f" values of 0.6 to 0.8

Second, a range of fiber orientations can be scanned. 1In
this case the user specifies the initial and final values of

the orientation parameter as well as the incremental step size.

For some input data it is possible to perform consistency
checks. SMC-3 provides two such checks. The first is for

composition fractions. If the fractions do not sum to unity,
the user is instructed to re-enter the data.

The second consistency check is performed when one of the
standard phases is replaced by an isotropic phase. In this
case there are only two independent material descriptors, and
it is possible to determine whether the input Young's modulus,
Shear modulus and Poisson's ratio are self-consistent. The

results of this check are as follows:

1) If input data are self-consistent, program execution

continues.

32
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2) If the input Poisson's ratio is inconsistent, an
internally determined value is assigned and the user
is informed of the change and asked for confirmation.

3) If the input Young's and Shear moduli require a
negative Poisson's ratio or one larger than 0.5, the
user is instructed to enter new moduli and Poisson's

ratio.

Output from SMC-3 consists of two parts. The first is a
summary of the input data. Included are the phase properties,
composition as volume fractions, and the effective aspect ratio.
Secondly, a tabular summary of the predicted material properties
at specified orientations is printed. The table contains the
predicted longitudinal, transverse, and perpendicular Young's
moduli, the "1, 2", "1, 3" and "2, 3" Shear moduli and the

"1, 2", "1, 3" and "2, 3" Poisson's ratios.
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EXAMPLE 1

The purpose of this example is to illustrate the use
of SMC3 for a three component system. The input data for
the filler will be altered. An intentional error will be
introduced to illustrate the operation of the self-consis-
tancy check. After illustrating the checking feature, the
data will be reset to the standard values.

[0 Data inputs by the user will be indicated by the symbol {:.

[JComments are given in italics.

ENTER NUMBER OF COMFONENTS?
FOR RESIN/FIBER SYSTEM NUME = 2
FOR RESIN/FIBER/FILLER SYSTEM NUME = 3

O:

' TYFICAL FROFERTIES FOR A THREE COMFONENT

FOILLYESTER/E~GL.ASS/CALCIUM CARBONATE SYSTEM ARE:

YOUNG’S MODULUS SHEAR MODULUS FOISSON’S RATIO

1eae +uee 2ace Ames ames Save s4ve wowe Sews Bees S4bR bere Sert SHsE Shaw eas Serd Sse Ssh Se0e G00E Ject S40s S4S SwAD Seee PP Sage Sees Sers $A4S S04 Siee S94% 0SS 40 SISU FUR EH4® Sese SS0n doen ede FOur F4eG S0NS LGrS 00S 198 SeuT 0N S4R o et kems bees beas sesy

RESIN +S5100E+06 +1760E+06 + 301
FIRER +1050E+08 + 3240E+07 + 333
FILLER +6P30E+O7 + 2620E+07 « 323

IF THESE VALUES ARE ACCEFTABLE, ENTER A *O0*' (ZERQ) v
IF YOU WISH TO USE SIGNIFICANTLY DIFFERENT VALUES ENTER A "1* (ONE)
]jf%r illustrative purposes, the user elects to reduce the
Young's Modulus of the filler from 6.93 X 106 to 4 X 106
while maintaining all other values for the properties.
This will give inconsistant values for an isotropic .
material.

[}

IF RESIN FROFERTIES ARE ACCEFTARLE ENTER A *0* (ZERO)
IF THEY ARE TO BE ALTERED ENTER A "1* (ONE)
0



IF FIBER FROFERTIES ARE ACCEFTABLE ENTER A "0" (ZERD)
IF THEY ARE TO BE ALTERED ENTER A *1" (ONE)D

IF FILLER PROFERTIES ARE ACCEFTARLE ENTER A& "0' (ZERD)
IF THEY ARE TO BE ALTERED ENTER A "1* (ONE)

‘31

ENTER YOUNG’S MOOULUS FOR FILLER
4,E8

ENTER SHEAR MODULUS FOR FILLER
2. 6266

€: ENTER FOISSON’S RATIO FOR FILLER
+ 323

¥ % INFUT ERROR % X

FOR INFUT VALUES OF THE YOUNG’S MODULUS AND SHEAR MODULUS
FOISSON’S RATIO WOULD BE NEGATIVE OR GREATER THAN 0.5

RE-ENTER [DATA

[JReturn to standard values.

ENTER YOUNG’S MODULUS FOR FILLER
Qs.93E6

ENTER SHEAR MODULUS FOR FILLER

PRERET

{) ENTER FOISSON‘S RATIO FOR FILLER
+ 323

THE CURRENT SET OF FROFERTIES FOR THE THREE
COMFONENT SYSTEM ARE?

YOUNGS MODULUS SHEAR MODULUS FOISSON'S RATIO

wowe 00 so0a aone som swen sase seve ook S Ba0¢ voum Beed brme bus Sers Aamm oue S4e Sese Feve sbes 46 PS4 S0ee S1es Semr S0s0 Smbe Kes S4ep S5e0 Seee Gues Sene TS barm £ede 44a 640 SMAD Seer Sest G4ed reie DS TGS SEee DAt SIN 4SSy Seve FEe Shas ess Sevv eere

RESIN +5100E+06 +1260E+06 + 301
FIRER +10350E+08 +3940E+07 + 333
FILLER +6930E+07 + 2620E+07 + 323

IF THESE VALUES ARE ACCEFTAEBLE, ENTER A *0" (ZERO)

IF YOU WISH TO USE SIGNIFICANTLY DIFFERENT VALUES ENTER A "1°

Qo

(ONE)
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OWeight fraction variables will be used. The use of weight
fraction variables requires input for the density (or specific

gravity) for each component.

IF THE COMFOSITION IS TO BE ENTERED 4S8 VOLUME FRACTIONS,
ENTER A *0" (ZERO)
IF THE COMFOSITION IS TO BE ENTERED A8 WEIGHT FRACTIONS,
ENTER A *1%" (ONE)

(5 )]

WEIGHT FRACTION OF RESIN
Q. 332

DENSITY OF RESIN
Q1.2

WEIGHT FRACTION OF FIERER

b 1

+ Al

DENSITY OF FIRER

e
2,55

WELIGHT FRACTION OF FILLER

Q. 418
DENSITY OF FILLER

©z:.490

o ENTER ASFECT RATIO OF THE FIRER
500, .

[]This'valué'for an aspect ratio is associated with relatively

long and straight fibers.

THE STATE OF ORIENTATION OF THE FIRER IS SFECIFIED
BY THE HERMANS ORIENTATION FACTORs F.

FOR FLANAR RANDOM F = 0O

FOR PERFECTLY ALIGNED F = 1.

IF YOU WISH DATA FOR A SFECIFIED ﬁRIENTﬁTIUN ENTER A "0" (ZERO)
IF YOU WISH TO SCAN OVER A RANGE OF ORIENTATIONS ENTER A "1* (ONE)

Qo

ENTER SFECIFIC STATE OF ORIENTATION
0.
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OThe input data is summarized for convenience and the

predicted properties displayed for the various orientations.

FERFENDICULAR YOUNG’S MODULUS
253 SHEAR MODULUS

«14615E4+07
+6183E+06

13 SHEAR MODULUS «6183E+06
12 SHEAR MODULUS «7789E+06
12 FOISSON’S RATIO + 291
1+3%3 FOISSON’S RATIO 287
2y3 FPOISSON’'S RATIO « 287

5TOF

END' OF EXECUTION
CFU TIME! 0.77 ELAFSED TIME! 3115.28
EXIT

FOLISSON'S RATIO

INFUT DATA

YOUNG’S MODULUS  SHEAR MODULUS
RESIN +5100E+06 +1960E+06
FIBER + 1050E+08 +3940E+07
FILLER +6930E+07 +2620E407
VOLUME FRACTIONS!

RESIN 4504

FIBER  +179

FILLER 317
ASFECT RATIO  500.0
CALCULATED DATA
ORIENTATION 0,00
LONGITUDINAL YOUNG’S MODULUS +2011E+07
TRANSVERSE YOUNG’S MODULUS +2011E407
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EXAMPLE 2a

The purpose of this example is to illustrate the use
of SMC3 for a two component system. In this example, the
fiber preperties will be altered to reflect fiber anisotropy
(e.g., KEVLAR 49). '

(OData inputs by the user will be indicated by the symbol {3.

[JComments are given in italics.

ENTER NUMRER OF COMFONENTS?

FOR RESIN/FIBER SYSTEM NUME = 2

FOR RESIN/FIBER/FILLER SYSTEM NUMB = 3
e

o

TYFICAL FROFERTIES FOR A TWO COMFONENT
FOLYESTER/E-GLASS FIRBER SYSTEM ARER

YOUNG’S MODULUS SHEAR MODULUS FOISSON’S RATIOD

s Svs beam ooms aves Sove ove Sose Bees Soee SO BeSe SV S4us GMsN Seed SPSS Sed SO G4SE 406 S0ew S4SN S4ve Push Sube PROO S40u ean Pess Pese Sebt PS4 S0et Shve Been See beos BI04 4use Sese Geed S4en 8sS S00s De4s FORe Beoe FON Geme Fess Feme S0t S0ee SAee Sead beme Seve

RESIN L S5100E+06 L 1960E+06 ‘ L3301
FIEER . 1050E+08 +3940E+07 333

OThe stored values for the fiber properties are to be altered.
The resin properties will be maintained.

IF THESE VALUES ARE ACCEFTARLEs ENTER A *0" (ZERO)
IF YOU WISH TO USE SIGNIFICANTLY DIFFERENT VALUES ENTER A "1* (ONE)

IF RESIN PROFERTIES ARE ACCEFTARLE ENTER A "0°* (ZERD)
IF THEY ARE TO RE ALTERED ENTER A& "1 (ONE)

IF FIBER FROFPERTIES ARE ACCEFTARLE ENTER A “0* (ZERD)
IF THEY ARE TO BE ALTERED ENTER A "1* (ONE)




IF FIBER IS ISOTROPIC ENTER A *0" (ZERO)
IF FIBER IS ANISOTROFIC (E.G. GRAFHITE) ENTER A “1°

(O The fiber is transversely isotropic

o
ENTER
Q18.3E6

ENTER
©1.8366

ENTER
Qos.88E6

ENTER
Q- 488E6

ENTER
Q.3

ENTER
Q.3

[0The new.properties are displayed for verification by

FOISSON’S

SHEAR MODULUS»

SHEAR MODULUS»

the user.

THE CURRENT SET OF FROFERTIES FOR THE TWO
COMPONENT SYSTEM ARE:

RESIN

LONGITUDINAL YOUNG’S MODULUS

TRANSVERSE YOUNG’S MORULUS

G12

G23

RATIO, FOS12

FOISSON’S RATIO» FOS23

. FIRER

E3
G122
G13
623
FOS12
FOS13
FOS23

IF THESE VALUES ARE ACCEFTABLE,» ENTER A

+5100E+06
+3100E+06
+G100E+06
+1960E+06
+1P60E+06
+1960E+06

+ 301

+ 301

+301

+1830E+08
+1830E+07
+ 1830E+07
+688B0E+07
+68BOE+O7
+6B8BOE+OS

» 300

+ 300

+ 300

(ONED

IF YOU WISH TO USE SIGNIFICANTLY DIFFERENT VALUES ENTER A

Qo

lll

(ONED)
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IF THE COMFOSITION IS TO BE ENTERED AS VOLUME FRACTIONSy
ENTER A "0* (ZERO)

IF THE COMFOSITION IS TO RE ENTERED AS WEIGHT FRACTIONS
ENTER A "1" (ONE) :

Qo

VOLUME FRACTION RESIN
+ 53

<, YOLUME FRACTION FIBER
+A7

ENTER ASFECT RATIO OF THE FIEBER

”y

OThis low value férvthe aspect ratio is associated with

pronounced fiber curvature and/or very short fiber lengths.

THE STATE OF ORIENTATION OF THE FIRER I8 SFECIFIED
BY THE HERMANS ORIENTATION FACTOR» F.

FOR FLANAR RANDOM F = 0O

FOR FPERFECTLY ALIGNED F = 1.

IF YOU WISH DATA FOR A SFECIFIED ORIENTATION ENTER A "O0" (ZERO)
IF YOU WISH TO SCAN OVER A RANGE OF ORIENTATIONS ENTER A "1° (ONE)

“OThe user elects to scan over the possible range of

oritentation.
{,1
{) ENTER THE STARTING VALUE FOR “F*
0,
{: ENTER THE FINAL VALUE FOR *F*
1. .

ENTER THE INCREMENTS FOR STEFFING VALUES OF *F°®

+ 25
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OThe input data is summarized for convenience and the

predicted properties displayed for the various orientations.

INFUT DATA

RESIN FIRER
El +S100E+06 +1830E+08
E2 +S5100E+06 +1830E+07
E3 +3100E+06 + 1830E+07
G12 +19460E+06 +6880E+07
G13 +192460E+06 +6880E+07
G623 +1940E+06 +6B880E+06
FOS12 + 301 +300
FOG13 + 301 + 300
FOS23 +» 301 +300

VOLUME FRACTIONS?
RESIN + 530
FIRER +470

ASFECT RATIO 2.0

CALCULATED DATA

ORIENTATION

LONGITUDRINAL YOUNG’S MODULUS
TRANSVERSE YOUNG’S MODULUS
FERFENDICULAR YOUNG’S MODULUS
2¢3 SHEAR MODULUS

1+3 SHEAR MODULUS

1,2 SHEAR MODULUS

12 POISSON’S RATIO

193 FOISSON’S RATIO

2¢3 POISSON’S RATIO

ORIENTATION

LONGITUDINAL YOUNG’S MODULUS
TRANSVERSE YOUNG’S MODULUS
FERFENDICULAR YOUNG’S MODULUS
2y3 SHEAR MODULUS

1,3 SHEAR MODULUS

1,2 SHEAR MODULUS

1,2 FOISSON’S RATIO

1+3 FPOISSON’S RATIO

2y3 POISSON’S RATIO

0.00
+ 3065E+07
+306SFEH0O7
+1158E+07
+BROFELHOS
+B26PEH06
+ 1300E+07

+178

+ 439

+ 439

0.25
+3547E+07
+2563E407
+ 11G5E+07
+7211E+O6
FILTEL0S
«1304E4+07

215

+ 455

+418




ORIENTATION

LONGITUDINAL YOUNG’S MODULUS

TRANSVERSE YOUNG’S MODULUS

FERPENDICULAR YOUNG’S MODULUS

23
1+3
1,2
12
13
23

SHEAR MODULUS
SHEAR MODULUS
SHEAR MODULUS
FOISSON’S RATIO
FOISSON’S RATIO
FOISSON‘’S RATIO

ORIENTATION

LONGITUDINAL YOUNG’S MODULUS

TRANSVERSE YOUNG’S MODULUS

FERFENOICULAR YOUNG'S MODULUS

253
1,3
1+2
1+2
1:3
2+3

SHEAR MODULUS
SHEAR MODULUS
SHEAR MODULUS
FOISSON’S RATIO
FOISSON‘S RATIO
FOISSON’S RATIO

ORIENTATION

LONGITUDIINAL YOUNG’S MODULUS

TRANSVERSE YOUNG’S MODULUS

FERFENDICULAR

293
1,3
1.2
1+2
1+3
293

STOF

ENI

CFU TIME?

EXIT

SHEAR MOOULUS
SHEAR MODULUS
SHEAR MODULUS
FOISSON’S RATIO
FOISSON‘S RATIO
FOISSON’S RATIO

OF EXECUTION
0.99 ELAFSED

YOUNG’S MODULUS

TIME?

0.350
+4027E+07
+ 2065E+07
+1149E+07
+6132E+06
+10392E+07
+1300E+07

+ 266

1466

+ 395

0.75
4505E+07
» 1576E4+07
+ 1138E4+07
+S5094E+06
+1144E4+07
+1285E+07

+ 341

+ 470

+ 373

1.00
+A287E4+07
+1107E+07
+1107E4+07

+A036E+06

+1250E4+07
+1250E+07
+A59
+A59
+ 352

.\.:...“9.'2
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EXAMPLE 2b

The purpose of this example is to illustrate the use
of SMC3 to obtain the properties of a two component uni-
directional laminate of continuous glass fibers. In this
example, stored properties will be used.

[Obata input by the user will be indicated by the symbol ‘:.

[JComments are given in italics.

ENTER NUMEER OF COMFONENTS?

FOR RESIN/FIBER SYSTEM NUME = 2

FOR RESIN/FIBER/FILLER SYSTEM NUME = 3
2

L

TYFICAL FROFERTIES FOR A TWO COMFONENT
FOLYESTER/E-GLASS FIBER SYSTEM ARE:

YOUNG’S MODULUS SHEAR MODULUS FOISSON’S RATIO

seae s000 mam sase s0m0 St 0o Sosu sove svee Sred +H04 SA0e PO0R P0PR SeFS SARS SHuS 128 $0sS Seew Seme 4w S Sesa Tede Seee SALE Sebm Geed eed S0t S9es Teee S4em S4ad Cume Semd G4 SoS So0t Soss SH SRS ORI MA4w Seus Ul FETY S350 dane smes Sage e e cete il

RESIN +S5100E4+06 +1260E4+06 + 301
FIRER +10S0E+08 + 3P40E+07 + 333

IF THESE VALUES ARE ACCEFTARLEy ENTER A "0* (ZERQO)
IF YOU WISH TO USE SIGNIFICANTLY DIFFERENT VALUES ENTER A "1% (ONE)

Qo

IF THE COMFOSITION IS TO RE ENTERED AS VOLUME FRACTIONS»
ENTER A *0" (ZERO)

IF THE COMFOSITION IS TO BE ENTERED AS WEIGHT FRACTIONS»
ENTER A "1 (ONED

Qo

VOLUME FRACTION RESIN

L]

VOLUME FRACTION FIRER
o4
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ENTER ASFPECT RATIO OF THE FIBER

Q 1000000,

‘[JThe value of 1000000 for the aspect ratio is used to
represent a continuous fiber.

THE STATE OF ORIENTATION OF THE FIRER IS SFECIFIED

BY THE HERMANS ORIENTATION FACTORs F.

FOR FLANAR RANDIOM F = 0

FOR PERFECTLY ALIGNED F = 1,

(0Since the properties of a unidirectional laminate are
desired, the orientation factor is set at unity to represent

aligned fibers.

IF YOU WISH DATA FOR A SFPECIFIED ORIENTATION ENTER A "0 (ZEROD
IF YOU WISH TO SCAN OVER A RANGE OF ORIENTATIONS ENTER A "1% (ONE)D

Qo
ENTER SFECIFIC STATE OF ORIENTATION
1, .

OThe input data 18 summarized for convenience and the
predicted properties displayed. (Note that the "star
field" for the aspect ratio indicates a continuous fiber

with an infinite aspect ratio.)

INFUT DATA o
YOUNG’S MODULUS SHEAR MODULUS  FDISSON‘S RATIO

RESIN +S5100E+06 +1960E+06 +301

FIBER . 10S0E+08 +340E+07 V333

VOL.UME FRACTIONS?
RESIN + 600
FIBER +400

ASFECT RATIO HKKKKKX



CALCULATED DATA

ORIENTATION

LONGITUDINAL YOUNG’S MODULUS
TRANSVERSE YOUNG’S MODULUS
PERFENDICULAR YOUNG’S MODULUS
2,3 SHEAR MODULUS

1+»3 SHEAR MODULUS

1,2 SHEAR MODULUS

1y2 POISSON’S RATIO

1+3 FOISSON’S RATIO

2,3 FOISSON’S RATIO

STOF

END OF EXECUTION
CPU TIME: 0.54 ELAFSED TIME:?

1.00
+A506E+07
+1249E4+07
+1249E+07
+4574E4+06
LS589E+06
+S58PE+06

+ 319
+ 319
+ 3465

1:119.02
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CALCULATED DATA

ORIENTATION

LONGITUDINAL YOUNG’S MODULUS
TRANSVERSE YOUNG‘S MODULUS
FERFENDICULAR YOUNG‘S MODULUS
2y3 SHEAR MODULUS

1+3 SHEAR MODULUS

1,2 SHEAR MODULUS

1,2 FOISSON’S RATIO

193 FOISSON’S RATIO

2,3 FOISSON’S RATIO

STOF

ENDN OF EXECUTION

1.00
AG06EH07
L1249E4+07
+1249E407
LA574E406
LEG89E+06
+OE8PE4H06

+ 319

+ 319

+ 365

CPU TIMES 0.54 ELAFSED TIME: 1:19.02
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Anticipated Modifications

The program SMC-3 was constructed from basic FORTRAN
statements in order to facilitate its transferability. The
program could be made more efficient by using statements
unique to specific computers.

Currently SMC-3 is executed on a DEC-10 system. For this
system, no "job" control cards are required. Consequently,
there are no file or tape declaration statements, no calls to
specific compilefs, and no memory or time limit specifications.
The following items are summarized for the benefit of users
concerned with such requirements.

- Tapes Declared: SMC-3 uses only input and output

tapes
- Compiler: SMC-3 is FORTRAN-10 compatible
- Memory
Requirements: SMC~3 uses less than the default
memory limit on the DEC-10
- Time Limit: CPU time is usually less than one

second

It was recognized that the READ and WRITE device number
would vary with the user's computer system. In order to
facilitate transfer, SMC-3 has incorporated integer variables
for input and output device numbers. Both variables, NREAD
for input device, NWRITE for output device, are assigned values
using a DATA statement (line 12100 of the program). The |
typical‘input/output commands in SMC-3 are of the form

DATA NREAD,NWRITE/5,5/

READ (NREAD,10)A

WRITE (NWRITE,100)A
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To assign the correct device numbers to the READ and WRITE
statements, it is only necessary to change the DATA statement
(line 12100). The variables NREAD and NWRITE are transferred
té the required subroutines through COMMON/Bl/. For ease of
data entry, SMC-3 was written using free formatted READ
statements. The free format READ symbol for the DEC-10 is
the star, "*". These READ statements are of the form:

READ (NREAD, *)B

If the computing system on which SMC-3 is being implemented
has free format READ capabilities, the correct symbol will need
to be used in place of the star. For systems which do not have
the free format READ options, it will be necessary to format
each of the existing free format READ commands. Young's and
Shear moduli could be read using the exponential field format--an
E10.5 field would suffice. All other formats could be replaced
by a floating point field. For example, a F20.10 would suffice.
If this is done, all data should be entered including decimal
points. Statement numbers for the added FORMAT statements
should be 500 or longer to prevent any duplication of existing

statement numbers.

To replace the free formatted READ statements, the following
changes will be necessary:

1) change free format symbol, "*", to FORMAT statement
numbers

2) insert corresponding FORMAT statement

For example, the READ statement which reads the volume fractions
(program line 30300) could be changed to:

READ (NREAD, 500) v2 (K)
500 FORMAT(F20.10)

The READ command for Young's modulus (program line 46500) could

be rewritten as:

READ (NREAD, 510) E1(I)
510 FORMAT (E1l0.5)
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A listing of each line where the free format has been
utilized is summarized below. Lines 30300 through 36800 are
all contained in SUBROUTINE INPUT. All these lines can be
replaced with a single floating point FORMAT statement. The
remaining free formatted READ statements occur in SUBROUTINE
ALTER. Both exponential field and floating point field FORMAT
statements will need to be used in this subroutine. P0OS12(2),
POS23(2) and POS should be read using the floating point field

while the remaining variables can be read using the suggested
exponential field.

(From SUBROUTINE INPUT)

30300 READ(NREAD %) V2(K)
31800 , READ(NREADs %) DX(K)
32100 TREADINREAD X)) DEN(K)
34300 READ(NREAN X} AAZ
35600 READ(NREAL»X) FSTART
36200 READ (NREAD s %) FSTART
36500 - READ(NREADsX) FSTOF
346800 READI(NREAD» X)) FADD

(From SUBROUTINE ALTER)

44200 READ(NREADy %) EL1(2)
44500 READ(NREAL»X) E2(2)
44900 ' READ(NREALy %) G12(2)
45300 READ(NREALs X)) G23(2)
454600 REAIN(NREAD» X)) FOS12¢(2)
46000 READ(NREADI» %) POS23(2)
446500 READ(NREADy %) EL1(ID
47000 READ(NREAD»X) G12(I) -
47500 READ(NREADyX) FOS

X

Another change which may be necessary deals with contin-
uation cards. In two FORMAT statements, the number of
continuation cards has exceeded four. Seven were used starting
at line 20000 while six were used starting at line 34600. For
computers/compilers which are limited to fewer continuation
cards, the output at these two locations will need to be
rewritten using two WRITE statements.




SPECIALIZED TI-59 ROUTINES
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Introduction

This section describes the operation of a TI-59 calculator/
PC-100 printer programmed to predict properties for two-component
(fiber/resin) and three component (fiber/filler/resin) sheet
molding materials.

The program is segmented on four magnetic cards:
Card I -- Reads input and generates reference phase
Card II -- Generates CSTAR
Card III -- Planar averaging

Card IV -- Generates Engineering constants and
controls output.

The procedures forvreading magnetic cards are reviewed at the
end of this section.

A PC-100 printer is required for the operation of the

program.

The current version of the program is restricted to iso-~
tropic fibers with aspect ratios in excess of 150. Supplementary
cards will be provided at a future date to deal with low aspect
ratio fibers and platelet reinforcing agents.

The following input data is required:

Ej = Young's modulus of comgonent "y
Vj = Poisson's ratio of component "j"
Gj = Shear modulus of component "j"

vj = volume fraction of component "j"
f = orientation parameter, 0 < £ < 1

(f=0 is random, f=1 is perfectly aligned)

The operating procedures for two-phase and three-phase systems
are summarized in the following section. Sample calculations
are given in the subsequent section.




Preprogrammed magnetic cards will be provided. However,
difficulty has been encountered in reading magnetic cards
programmed on other machines. Consequently, a program listing
is provided so that cards can be generated.
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OPERATING PROCEDURES FOR TWO-PHASE SYSTEMS

[JEnter physical properties

[JRead sides 1 and 2 of card I

JEnter resin properties

DER

l:l\)R

DGR
OEnter fiber properties
DEF
DVF
DGF

OEnter volume fraction fiber

[J Generate reference phase
properties

[JCard II
[N Read sides 1 and 2 of card II
(0 Press A

Printer will respond with a print
and advance when finished

O Planar averaging

[MRead sides 1 and 2 of card III

Press Display Printer
A ER ER
B VR vR
C G Gp
1)
2nd A EF EF
1
2nd B Vp Ve
1
2nd C GF GF
D vF vF
E 0 ERef
VRef
GRef
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[0 Enter orientation parameter £

Planar averaging

] output
CORead sides 1 only of Card IV

[JGenerate output

*SUMMARY OF RESULTS*

DTo vary £, the orientation parameter:
Run the program as before, with the
first value of f.

DQAffer obtaining the necessary output,
read side 1 (only) of card III

DEnter orientation parameter, f, and
continue with planar averaging
operation

Press Display Printer

83

A £ £ F

B 0 Will advance
when
completed

E2
E3

V12
Vi3
va23

G23
G1l3
Gl2




OPERATING PROCEDURES FOR THREE-PHASE SYSTEMS

[JEnter physical properties of resin and filler

[JRead sides 1 and 2 of card I

Press Display Printer
OEnter resin properties
DER A ER ER
av v v
R B R R
DGR C GR GR
OEnter filler properties
1
OEpi11 2nd A Epinl Epinl
1
OVEil1 2nd B VFill VFill
1
OCFpi11 2nd € Cpil1 Cpil1
OEnter modified volume
3 Y ] 1
fraction filler D Veill Veill
vl = JFill
Fill VFill+v'R
[JGenerate surrogate matrix
properties E Em
Vi
G
m
[JEnter physical properties of surrogate
matrix and fiber
JOEnter surrogate matrix properties
E
OE,, A En m
[}vm B Vm Vi
oG . C G G




Press Display Printer

[JEnter fiber properties

JEg 2nd A' E E

F F
]
DvF B 2nd B F F
1
.DGF 2nd C GF GF
[JEnter volume fraction fiber D VF : VF
JGenerate reference phase
Pproperties E ERef
VRef
GRef

4X AT THIS POINT, CONTINUE WITH CARD II
AS IN THE TWO-PHASE PROGRAM
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REVIEW OF CARD READING PROCEDURES

I. Reading Cards

All program cards need both sides read except the output

program. When an instruction tells you to read both sides of a
card:

A. Press CLR

B. Slide card through lower slot in calculator, printed

side up:
— T ro———
\;.'_—_..*z J e o — e ———
!
o oo
forliN R~ = B
22 0 0
e ao Q@

The card-reader motor will start. Push the card in until
the gears catch it and pull it through. Pull the card
out from the other side. A 1 should be in the display.

C. Press CLR

D. Turn card around and slide through again (printed side
still up.

- B

"A 2 should now be in the display.

E. If display flashes, press CLR and try again.

F. If motor continues to run and display is blank after
reading a card, press R/S. There wasn't anything on
the side you read. Make sure the card was supposed to
have both sides read.




EXAMPLES
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EXAMPLES RUN WITH A TWO-PHASE COMPOSITE

SMC~-65 Properties (in psi)

E v G Vol. Fraction
Resin 5.1 x 10° - .301 1.96 x 10° .6
Fiber 1.05 x 10/ .333 3.94 x 10° .4

[JRead sides 1 and 2 of card I '
Press Display Printer

Enter resin properties
05.1 EE 5 A 5.1 05 =~
O .301 B 3.01 -01
01.96 EE 5 C 1.96 05
Enter fiber properties
0l.05 EE7 2nd A' 1.05 07
O .333 2nd B' 3.33 -01
03.94 EE 6 2nd C' 3.94 06
Volume fraction fiber
0.4 D 4. =01 i
[J Generate reference phase
properties E 0
[ORead sides 1 and 2 of card II
ORun program on this card A 0. N
[QRead sides 1 and 2 of card III
Enter f
oo. A 0 i
{]Planar averaging B 0 Printer advance

when done
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O Read side 1 of card IV

Press Display Printer
O Generate output A 0 "Ei?g
EZ ¢
| 513:;’;
FLE0-01 9
*SUMMARY OF RESULTS* TOi0-0d
a10-01 !

= i~
i {5 ]
= as
b = e
4, 178 05

[ORead side 1 of card III

Enter new f value

0.25 A .25 i)
OPlanar averaging B 0 o
{ORead side 1 of card IV
OGenerate output A 0

*SUMMARY OF RESULTS*




SAMPLE RUN WITH A THREE-PHASE COMPOSITE

SMC-25 Properties (in psi)

E v G Vol. Fraction
Resin 5.1 x 10° .301 1.96 x 10° .504
Fiber 1.05 x 107 .333 3.94 x 10° .179
Filler 3 x 10° .402 1.07 x 10° .317
[(ORead sides 1 and 2 of card I

Enter resin properties Press Display Printer

O05.1 EE5 A 5.1 05 N

a .301 B 3.01 -01 3

01.96 EES5 , C 1.96 05

Enter filler properties

O 3 EEb6 2nd A' 3. 06

O .042 2nd B' 4.02 -01 4

01.07 EE 6 2nd C' 1.07 06 i

Enter modified volume fraction

filler:

v _ VFill
_ Fill, Vpill + VR
avhi... = .317 _ _ e
Fill 317 7 504 — .3861 D 3.861-01 o
OGenerate surrogate matrix

properties E 0

Enter surrogate matrix '

properties

09.582 EES5 A 9.582 05

o .3117 B 3.117-01

03.652 EE5 C 3.652 05

Enter fiber properties

0J1.05 EE 7 2nd A' 1.05 07 i

0O .333 2nd B' 3.33 -01 I

03.94 EE 6 2nd C' 3.94 06 3

90
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Press Display Printer

Volume fraction fiber

0.179 D 1.79 -01 1.

[J Generate reference phase
properties E 0

O Read sides 1 and 2 of card II

ORun program on this card A 0. — .

[ORead sides 1 and 2 of card III

Enter £ T
ao A 0 IR R
(OPlanar averaging B 0 1 advance

O Read side 1 of card IV
[0 Generate output A

*SUMMARY OF RESULTS*
(£=0)

[dRead sidé 1 of card III

Enter new f value

0.25 A .25 R .
OPlanar averaging B 0

O Read side 1 of card 1V

O Generate output A 0

- *SUMMARY OF RESULTS*
(£=0.25)




TI-59
PROGRAM LISTINGS

The key strokes associated with cards I-IV are
listed on the following pages.

It is recommended that upon entering the routines,
duplicate magnetic cards should be recorded. The spare
card serves as a replacement for a damaged card. If a
card is damaged, a second duplicate should be recorded

from the spare card.
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Data Input and Generation of Reference Phase
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